Molecular dynamics simulations of the Caenorhabditis elegans transcription factor SKN-1 bound to its cognate DNA site show that the protein-DNA interface undergoes significant dynamics on the microsecond timescale. A detailed analysis of the simulation shows that movements of two key arginine side chains between the major groove and the backbone of DNA generate distinct conformational substates that each recognize only part of the consensus binding sequence of SKN-1, while the experimentally observed binding specificity results from a timeaveraged view of the dynamic recognition occurring within this complex.
INTRODUCTION
In recent years, a large structural database of protein-DNA complexes has been established, mainly through the contribution of X-ray crystallography. Although this information has undoubtedly been invaluable in understanding many aspects of protein-DNA interactions, it is true that it gives a rather static view of such complexes. The possible role of the dynamics of protein-DNA interfaces has nevertheless been a subject of interest for many years. A significant number of experimental studies have notably aimed at understanding how proteins approach and bind to their DNA targets and how they distinguish non-specific from cognate sites. Both, nuclear magnetic resonance (NMR) and paramagnetic resonance approaches have been used to better characterize non-specific protein binding and to analyze how such largely electrostatic interactions (reliant on arginine or lysine salt bridges with DNA phosphate groups) enable enhanced diffusion along DNA and can be subsequently transformed into specific binding, at least partially through the establishment of direct contacts with the nucleic acid bases (1) (2) (3) (4) (5) . These mechanisms have also been the subject of a large number of theoretical (6-9) and molecular simulation studies (10) (11) (12) (13) (14) (15) at various levels of detail, providing models of recognition mechanisms and suggesting how these mechanisms finally control the kinetics of gene expression at the cellular level (16) (17) (18) .
The role of dynamics is however not limited to nonspecific complexes and search mechanisms. Dynamics can also be important for specific protein-DNA complexes. Flexible, positively charged protein tails are a feature of many transcription factors. These tails, and also flexible linkers between DNA binding domains, can assist binding and can serve to fine tune specificity (19, 20) . Novel NMR studies using 15 N relaxation times and 15 N-31 P scalar coupling have also shown that lysine-phosphate salt bridges within specific complexes are themselves dynamic and direct interactions are regularly broken and remade (21) (22) (23) , in line with earlier studies of salt bridges within proteins (24) . This finding has recently been supported by allatom molecular dynamics (MD) studies of homeodomain and Zn-finger complexes with DNA (25) . Another aspect of protein-DNA interface dynamics is illustrated in a recent MD study of telomere repeat binding factors (TRF1 and TRF2), where the dynamics of individual amino acids chains suggested that they could contribute to the recognition of more than one base pair, helping to resolve conflicting experimental data (26) .
As part of our ongoing attempt to better understand protein-DNA interactions using computer simulation techniques, we decided to couple long MD simulations with a time-dependent analysis of sequence selectivity using a sequence threading technique (ADAPT) that we have developed (27) (28) (29) (30) . ADAPT enables us to calculate and rank the binding energy of all possible DNA sequences within a protein-DNA complex (energy minimizing the interface structure for every sequence) and thus to obtain a computational position weight matrix (PWM). We already used this approach to study the appearance of base sequence selectivity during the approach of the mammalian transcription factor SRY to its DNA target (12) . SRY, which controls the development of the male phenotype, is a member of the SOX (SRY-type HMG Box) family (31) . By binding to the DNA minor groove, this protein creates significant DNA deformation (32) . We were able to show that this deformation indeed plays a major role in the resulting binding selectivity and that SRY therefore relies on a so-called indirect recognition mechanism.
Here, we chose to study a very different protein, the transcription factor SKN-1. SKN-1 is a Caenorhabditis elegans transcription factor involved in early embryonic development, oxidative stress resistance and aging (33, 34) . It is homologous to the human Nrf proteins that are also involved in stress response. Although it contains a basic C-terminal helix bound in the major groove of DNA analogous to the bZIP transcription factors (e.g. c-Jun and GCN4), it lacks a leucine zipper and does not dimerize. It also contains a basic N-terminal tail similar to those of the homeodomain proteins (35) that is responsible for high-affinity binding to AT-rich sequences at the 5 -end of the binding site (36) . Its consensus binding site involves five base pairs RTCAT (where R ≡ A/G) (37) . Genomic studies of genes up-or down-regulated by SKN-1 are consistent with this consensus, but show some modulations in specificity within the consensus site (38, 39) . The crystal structure of the 84 residue C-terminal DNA binding domain complexed with a cognate DNA oligomer (35) shows that this transcription factor induces only moderate DNA deformation and is consequently expected to recognize its binding site via a direct mechanism involving specific amino-acid base contacts.
In line with the NMR and simulations studies cited above (21, 22, 25) , the 0.5 s MD simulation of the SKN-1/DNA complex we have carried out shows significant dynamics at the protein-DNA interface. Most interestingly, this involves the breakage of backbone salt bridges and formation of base contacts, recalling the mechanisms described for the passage between non-specific and specific complexes (1,2,11), but here occurring within an existing specific complex.
By coupling our MD simulation with ADAPT sequence threading we have been able to establish that the observed interface dynamics indeed affects sequence selectivity. This suggests that the protein-DNA interfaces of specifically bound transcription factors may be considerably more dynamic than previously expected and, moreover, that an observed binding specificity may, at least in some cases, be the time-averaged result of a number of different sub-states where only parts of the overall cognate sequence are actually recognized.
MATERIALS AND METHODS

MD simulations
The structure of the SKN-1/DNA complex (PDB code 1SKN) was taken from the X-ray study of Rupert et al. (35) . The single-stranded ends of the DNA oligomer were completed with complementary nucleotides to form a 17-mer (see Figure 1A and B). Hydrogen atoms were added to both the DNA and the protein and the complex was solvated with SPC/E water molecules (40) within a truncated octahedral box, ensuring a solvent shell of at least 10Å around the solute. The solute was neutralized with 32 potassium ions and then sufficient K + /Cl − ion pairs were added to reach a concentration of 150 mM. The ions were initially placed at random, but at least 5Å from DNA and 3.5Å from one another. The resulting system contained roughly 10 400 water molecules and 34 000 atoms in total.
MD simulations were performed with the AMBER 12 suite of programs (41,42) using PARM99 parameters (43) and the bsc0 modifications (44) for the solute and Dang parameters (45) for the surrounding ions. Simulations employed periodic boundary conditions and electrostatic interactions were treated using the particle-mesh Ewald algorithm (46,47) with a real space cutoff of 9Å. Lennard-Jones interactions were truncated at 9Å. A pair list was built with a buffer region and a list update was triggered whenever a particle moved by more than 0.5Å with respect to the previous update.
The system was initially subjected to energy minimization with harmonic restraints of 25 kcal mol −1Å−2 on the solute atoms. The system was then heated to 300 K at constant volume during 100 ps. Constraints were then relaxed from 5 to 1 kcal mol −1Å−2 during a series of 1000 steps of energy minimization (500 steps of steepest descent and 500 steps of conjugate gradient) followed by 50 ps of equilibration with restraints of 0.5 kcal mol −1Å−2. and 50 ps without solute restraints. The 500 ns production simulations were carried out at constant temperature (300 K) and pressure (1 bar) with a 2 fs time step. During these simulations pressure and temperature were maintained using the Berendsen algorithm (48) with a coupling constant of 5 ps and SHAKE constraints were applied to all bonds involving hydrogens (49) . Conformational snapshots were saved for further analysis every ps. For comparison purposes, the 17-mer DNA oligomer was also simulated alone using an identical protocol, creating a second 500 ns trajectory.
Conformational and environmental analysis
Average DNA conformation, DNA conformational fluctuations and ion distributions around the SKN-1/DNA complex during the MD simulations were analyzed with the Curves+ program (50) and the Canal and Canion utilities (https://bisi.ibcp.fr/tools/curves plus/). Using the recently developed ion analysis approach, based on describing ion positions with respect to the DNA helical axis, it was notably possible to calculate average ion molarities within the DNA grooves (51, 52) . As in our earlier work, the groove limit was set at a radius of 10.25Å from the DNA helical axis (the average radial position of the backbone phosphorus atoms), while the angular limits were determined by the average position of the sugar C1' atoms. Lastly, hydrogen bond and salt bridges were analyzed using AMBER Tools (53) applying a distance cut-off of ≤ 3.5Å between the relevant heavy atoms and an angle cut-off of ≥ 135
• at the intervening hydrogen atom.
Clustering the MD trajectory
In order to identify conformational clusters within the MD trajectory, we began by extracting snapshots every 200 ps. Since we were principally interested in the evolution of the protein-DNA binding specificity, we characterized each snapshot by counting the number of contacts between the protein and the DNA bases. Each contact between heavy atoms scored 1 for distances r ij below 4Å (using shorter distances would result in many transient 'breaks' that add noise to the analysis). In order to further increase the robustness, we used a buffer zone from 4Å to 5Å over which the score was modulated with a sigmoidal function s(i,j) of the distance r ij between the atoms i and j:
This analysis yielded a 74 (amino acid) by 34 (DNA base) matrix for each snapshot. The overall distance d(x,y) between any two such matrices x and y was then calculated using the Manhattan algorithm (54) .
Next, the Ward agglomerative hierarchical clustering method (55-57) was used to classify the different snapshots into groups by minimizing the variance within each cluster and increasing the weighted squared distance between cluster centers. The distance matrix and cluster representation were carried out using the R software package (58) .
Binding specificity analysis
SKN-1 binding specificity was determined for any chosen snapshot from the MD trajectory (after a brief Cartesian coordinate energy minimization to remove bond length and base plane deformations) using the so-called ADAPT approach (28, 29) implemented within the JUMNA program (59) . This consists of calculating the complexation energy of the SKN-1/DNA complex for all possible DNA base sequences and deriving a PWM. In order to do this, it is necessary to thread all possible base sequences into the DNA oligomer within the complex, adapting the protein-DNA interface in each case using internal coordinate energy minimization. This was performed with the same AMBER parameterization used for the MD simulations, but replacing the explicit solvent and ion shell with a simple continuum model using a sigmoidal distance-dependent dielectric function and reduced phosphate charges (29) . In parallel, an identical base sequence is threaded into the average conformation of the isolated DNA oligomer and energy minimization is again performed. Finally, another energy minimization is performed for the isolated protein (with flexibility limited to the side chains included within the interface cutoff distance, see below). Subtracting the isolated DNA oligomer and protein energies from the SKN-1/DNA complex energy yields the complex formation energy, which can be further analyzed in terms of two components: the DNA deformation energy and the protein-DNA interaction energy. In the present case, the nine central base pairs of the DNA oligomer were scanned, corresponding to the SKN-1 cognate site flanked by two extra base pairs on either end, leading to 4 9 = 262,144 possible sequences. ADAPT calculations were accelerated using a divide-and-conquer technique, breaking each sequence into overlapping 4 bp fragments and thus reducing the total number of calculations to 6 × 4 4 = 1024 (for the complex and for the isolated DNA oligomer), without significant loss of accuracy (29) . Protein flexibility was also limited to side chains within 20Å of the protein-DNA interface. The energies resulting from this analysis were converted into PWMs using the WebLogo software (60) . Finally, by analyzing the binding specificity derived from the sequence-dependent DNA deformation energy, or from the sequence-dependent protein-DNA interaction energy we could also analyze specificity in terms of its indirect and direct components.
We remark that for the purpose of this study we extended the utility programs associated with ADAPT to be able to derive a single PWM from a number of MD snapshots. In this case, ADAPT calculations were based on sequence-dependent energy differences with respect to the minimum energy for each snapshot, enabling us to overcome sequence-independent energy changes mainly caused by the necessary simplification of the electrostatic calculations (which rely on a rudimentary implicit solvent representation). Using this approach it was possible to describe the sequence selectivity of each of the conformational substates detected by the cluster analysis and to compare this to the consensus selectivity for the entire MD simulation, or to experimental binding data.
RESULTS AND DISCUSSION
We begin by considering the general impact of SKN-1 binding on DNA structure and dynamics. As shown in Figure  1A (see also Supplementary Figure S1 ) the protein inserts its long C-terminal ␣-helix in the major groove of the DNA binding site, while its N-terminal arm binds to the adjacent minor groove. In addition to amino acid side chain contacts with the DNA bases, the crystal structure of the complex is stabilized by seven salt bridges involving seven arginines (R503, R506, R507, R508, R516, R521, R522). Of these residues, four (R503, R506, R507, R508) belong to the central support region (see Supplementary Figure S1 ) and three (R516, R521, R522) are located in the C-terminal helix of the protein. These interactions link the protein with the phosphate groups at positions G8 and C10 in the Watson strand and positions G10', T11', G14' and G15' in the Crick strand.
Comparing the average structures derived from the MD simulations of the SKN-1/DNA complex and of DNA alone, we see that protein binding has relatively little structural impact. There are no major changes in helical parameters or backbone parameters, although the average twist along the binding site increases by 2
• in the presence of the protein. We also observe slight bending of the DNA toward the protein (6.5
• versus 2.5
• in the isolated DNA oligomer), but this value is less than that seen in the crystal structure (22 • ). These changes are coupled to a change in groove geometry, as shown in Figure 2 . Insertion of the C-terminal ␣-helix in the major groove leads to a decrease in width of roughly 2Å at positions C10-C13 and a localized decrease in depth at position T9. The binding of the N-terminal tail has a smaller effect on the minor groove (positions 5-7), where we see a narrowing of roughly 1Å coupled with a small increase in depth.
Before passing to an analysis of the dynamics of the SKN-1/DNA complex, we lastly consider the effect of protein binding on the ionic environment of DNA. As shown in Figure 3 , protein binding, not surprisingly, almost completely removes potassium cations from the major groove between positions T6 and C13, whereas we observe roughly 1-2 M potassium in this region for isolated DNA. In compensation, the K + molarity increases in the minor groove of the binding site, notably with a strongly localized ion site at the step G8-T9 that is absent in the isolated DNA oligomer. Secondary increases in potassium molarity are also seen at A11-T12 in the minor groove and at C13-C14 in the major groove.
We now turn to the dynamics of the SKN-1/DNA complex. The first observation is that DNA backbone dynam- ics decrease in the presence of the protein. This is illustrated in Figure 4 using the root mean square fluctuations of the phosphate atoms. We recall that these values were obtained by analyzing the position of the phosphorus atoms within each MD snapshot using curvilinear helicoidal coordinates with respect to the instantaneous helical axis, and then replotting them in Cartesian space with respect to the helical axis of the average DNA structure (52) . This has the effect of removing any fluctuations due to DNA bending, stretching or twisting and gives an accurate view of phosphorus atom mobility. The protein clearly reduces the mobility of the phosphate groups within the binding site and the effect is particularly strong for the phosphates involved in salt bridges with SKN-1 (see Figure 4B ). Table 1 shows contacts seen in both the crystal structure and the MD simulation in black, while those appearing only in the simulation are shown in bold/red. From these results, we can see that most interactions are only present for a fraction of the 0.5 s trajectory, although those observed in the crystal structure are generally the longest lived. It also shows that interactions between given side chains and nucleotides often involve different sets of atoms, in some cases simultaneously, creating bidentate interactions.
On the basis of this finding, we decided to see if the interface dynamics were random or reflected the existence of conformational sub-states. As described in the methodology section we carried out this analysis by building a contact matrix between protein side chains and DNA bases for snapshots every 200 ps along the trajectory, leading to a total of 2500 matrices. Measuring the Manhattan distances between these matrices created a new distance matrix 2500 × 2500 that could then be analyzed to detect conformational clusters. The results shown in Figure 5 indicate that the MD trajectory is in fact composed of four distinct conformational clusters.
The initial cluster, CL1 (cyan) is closest to the X-ray conformation of the complex. It is lost after only 5 ns, but then reappears intermittently during the last third of the trajectory and finally constitutes 17% of the trajectory. The second cluster to appear, CL2 (green) is the most common and reappears throughout the simulation representing in total 60% of the trajectory. A third cluster, CL3 (gray) appears around 70 ns, but only makes up 9% of the trajectory and is not seen after the first 100 ns. The final cluster, CL4 (dark blue) appears in the middle of the simulation and again briefly toward the end, making up 14% of the total.
By extracting snapshots belonging to each of the four clusters we can analyze their structural characteristics. The first observation is that the CL2 (green) and CL4 (dark blue) clusters are very similar to one another, differing only by the position of the N-terminal arm, which interacts with the bases in the DNA minor groove in the more common CL2 (green) cluster (without affecting the groove geometry), but with the DNA backbone in the CL4 (dark blue) cluster. We will consequently temporarily group these two clusters together (and denominate them as CL2/4). The main feature distinguishing the remaining clusters turns out to be to the position of the side chains of two arginines: R507 and R519. In CL1, R507 lies close to the DNA backbone, intermittently forming a salt bridge with the phosphate of C10 or, more rarely, those of A11 and G15'. In contrast, in CL2/4 and CL3 it binds in the DNA major groove forming a bidentate interaction with O6 and N7 of G13' (as seen in other protein-DNA complexes (61, 62) ) and, intermittently, to O4 of T12. Similarly, in CL1 and CL2/4, R519 also forms a bidentate interaction with O6 and N7 of G8, whereas in CL3 it is close to the backbone, intermittently forming a salt bridge with the phosphate of T7. The alternate conformations of R507 and R519 are illustrated in Figure 6 . As summarized in Figure 6E , the combination of these two side Nucleic Acids Research, 2016, Vol. 44, No. 3 1445 Table 1 . SKN-1 salt bridges with the DNA backbone (columns 1-3) and hydrogen bonds with the DNA bases (columns 4-6) are highly dynamic chain flips gives rise to three conformational sub-states that distinguish the clusters CL1, CL2/4 and CL3.
The dynamical behavior of R507 and R519 are illustrated by the time series of side chain-DNA backbone/base distances in Supplementary Figure S2 , which, for reference, also shows the distance fluctuations for the R506 salt bridge with the phosphate of G14'. While the significant perturbations of the R506 interaction occur only occasionally, R507 and R519 show complex fluctuations whether they are interacting with DNA bases or DNA phosphates. Analyzing snapshots every picosecond along the MD trajectory, with distance and angle cutoffs of 3.5Å and 135
• , respectively, leads to lifetimes of less than 30 ps for either base or phosphate interactions. However, ignoring breaks that last no longer than 1 ps typically increases the lifetimes to 100-400 ps. By comparison, the R506 salt bridge has lifetimes of roughly 100 ps or 1800 ps, depending on whether 1 ps breaks are taken into account or ignored.
By applying our sequence-threading approach ADAPT to multiple snapshots belonging to each cluster (7, 12, 10 and 2 for CL1, CL2, CL3 and CL4, respectively), we were able test whether the very localized changes in the two key arginines have any significant impact on how SKN-1 is recognizing the DNA base sequence. The results are shown in Figure 7 , where CL2 and CL4 have again been grouped together since they yield identical PWMs. If we concentrate on the bases at positions 8, 12 and 13, the results are rela- Figure 7 . SKN-1 PWMs resulting from the analysis of snapshots belonging to each of the three distinct clusters and also a consensus PWM using the snapshots from the entire MD trajectory. These results can be compared to the experimental results from the JASPAR (63) and TRANSFAC databases (64) (W ≡A/T, R ≡ A/G). tively easy to interpret. When R519 interacts with position 8 in CL1, a 'G' appears strongly at this position in the PWM. Similarly when R507 interacts with positions 12 and 13 in CL2/4 and CL3, a clear 'TC' appears at these positions. Finally, when both arginines bind within the major groove in CL2/4, both a 'G' at position 8 and a 'TC' at positions 12 and 13 dominate. However, we can also see that the R507 groove interaction also impacts positions 10 and 11 at the 3 -end of the binding site and leads to the appearance of the CATC motif in both CL2/4 and CL3. As expected the majority of the recognition in each cluster comes from direct protein-DNA contacts. Although some base pairs show selectivity due to DNA deformation (notably for T at positions 10 and 13, see Supplementary Figure S3 ), protein-DNA interaction is clearly the dominant factor in the overall PWM.
We remark that the movement of the N-terminal tail does not appear to have any significant impact on the PWM since the A/T-rich preference seen at the 5 -end of the SKN-1 binding site, corresponding to the location of the Nterminal tail, is virtually unchanged whether the tail lies within the minor groove (CL2 and CL3), or closer to the DNA backbones (CL1 and CL4). Supplementary Figure S4 shows one such comparison for the clusters CL2 and CL4. We conclude that its role is largely electrostatic (its cationic residues favoring the more negative minor groove potentials generated by AT base pairs) and does not require binding to a specific base site.
We can make this analysis of selectivity more quantitative by calculating Pearson correlation coefficients (PCCs) between the PWMs of the various clusters and the experimental results. We limit our analysis to the PWM for SKN-1 from the JASPAR database (63), but remark that very similar results are obtained with the equivalent data in TRANS-FAC (64) . The overall correlation between CL1, CL2/4 and CL3 PWMs with the JASPAR data is 0.50, 0.52 and 0.82, respectively. Thus CL3 is closest to the experimental data (which can be seen visually in Figure 7 ). However, if we now look at the correlations at each position within the binding site, another picture emerges. At position 8, the correlations for CL1, CL2/4 and CL3 become 0.89, 0.95 and 0.29, respectively. Thus, only CL1 and CL2/4 (where R519 is bound in the DNA groove) reproduce the experimental result. In contrast, at positions 12 and 13, the correlations for CL1, CL2/4 and CL3 change again to (0.84, -0.50), (0.99, 1.0) and (0.97, 1.0) and thus only CL2/4 and CL3 (where R507 is bound in the DNA groove) fit the experiments. This confirms the notion that each conformational sub-state is recognizing only part of the binding site. In addition, we can note that these partial recognition events are not fully compatible with one another since the consensus correlation between the simulation (using all the snapshots extracted from the MD run) and the JASPAR PWM is only 0.57. This loss of selectivity can also be quantified by calculating the total information content of the various PWMs (65), which yields 6.2, 9.0 and 9.5 for CL1, CL2/4 and CL3, respectively, but only 5.3 for the MD consensus. In contrast, if we model recognition events occurring separately in different regions of the binding site, by combining columns 1-4 from the PWM of CL1 with columns 5-9 from the PWM of CL3, the total information content becomes 10.5, close to that of the experimental JASPAR logo (11.6) .
CONCLUSIONS
This computational study of the transcription factor SKN-1 bound to its cognate DNA site shows that the protein-DNA interface is dynamic and, notably, that two arginine side chains oscillate between the formation of direct interactions with DNA bases and interactions with the DNA backbone. The cationic N-terminal arm of SKN-1 undergoes similar oscillations. This dynamics is analogous to what has been seen at protein-protein interfaces (66, 67) and is compatible with recent NMR studies and simulation studies showing that protein-DNA salt bridges are broken on sub-nanosecond timescales (21, 25) . In our case, the temporary loss of protein-base interactions significantly alters sequence selectivity and suggests that the observed consensus binding sequence of the transcription factor exists as the time-averaged ensemble of a number of distinct conformational sub-states that each recognize different parts of the binding site. As other authors have already pointed out, the dynamic nature of the protein-DNA interface may aid binding both by making the transition between non-specific and specific sites easier and by reducing the entropic penalty for binding. From a computational point of view the 0.5 s simulations carried out here led to the detection of four distinct sub-states, but we cannot exclude that this number would grow with longer simulations, or that the the relative sub-state populations could evolve. We conclude that understanding protein-DNA recognition mechanisms using molecular simulations, at least in some cases, may very well require trajectories on the microsecond scale.
